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Abstract:
We describe an example of "interpenetration isomerism" in three-dimensional (3D) hydrogen-bonded organic frameworks (HOFs) . By exploiting the crystallization conditions for a peripherally extended triptycene H6PET, we can modulate the interpenetration of the assembled frameworks, yielding a two-fold interpenetrated structure PETHOF-1 (acs-2c topology) and a five-fold interpenetrated structure PETHOF-2 (acs-5c topology) as "interpenetration isomers". In PETHOF-1, two individual nets are related by inversion symmetry and form an interwoven topology with a strikingly large guest-accessible volume of about 80%. In PETHOF-2, five individual nets are related by translational symmetry and are stacked in an alternating fashion.
Additionally, the activated materials show permanent porosity with high Brunauer-Emmett-Teller (BET) areas exceeding 1100 m 2 •g −1 . We believe that synthetic control over the framework interpenetration can serve as a new design strategy to construct diverse and complex supramolecular architectures from simple organic building blocks.
The increasing demand from the academic and commercial communities for advanced technologies related to catalysis, electronics and energy storage has incentivized the rapid development of porous materials during the past two decades. Metal-organic frameworks [1] (MOFs) and covalent organic frameworks [2] (COFs) represent two kinds of well-established porous materials that have been investigated extensively. Their robust crystalline lattices, held together by strong coordinative/covalent bonds, impart upon them ubiquitous properties, such as large surface areas, ultralow densities and accessible meso/microporosities, which have been exploited in order to produce functional materials with exceptional performance in the above-mentioned applications.
[3] Meanwhile, hydrogen-bonded organic frameworks [4] (HOFs), assembled from organic molecules by means of hydrogen bonding, are emerging as promising porous materials in conjunction with MOFs and COFs because of the ease of their synthesis under mild conditions and 10.1002/ange.201811263 Accepted Manuscript
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their solution processabilities that are generally absent in robust polymeric networks. The major drawback of HOFs is their structural fragility, originating from the weak nature of hydrogen bonds, oftentimes leading to the collapse of their frameworks upon removal of solvent molecules. In an attempt to resolve this issue, various strategies have been developed, including (i) employing supramolecular synthons [5] with multiple hydrogen bonding sites [4a,4c,6] and (ii) introducing strong − interactions, [7] as well as (iii) adopting shape-fitting docking, [8] all of which have cultivated the synthesis of HOFs with extraordinary thermal and chemical stabilities, [9] and with practical uses in gas separation [6a-b,10] and therapeutics.
[7c]
The level of interpenetration [11] of MOFs can be modulated systematically by varying the concentrations of reactants, the use of templates and epitaxial syntheses. [12] Interpenetration has been shown to be an important structural feature present in MOFs because of the roles it plays in (i) enhancing framework physical stabilities, (ii) imparting flexible and dynamic characteristics and (iii) fine-tuning pore environments. [13] Hence, achieving controlled interpenetration in HOFs is desirable since it adds structural and functional diversity to existing extended frameworks. It also benefits the understanding of structure-property relationships, thus guiding the rational design of supramolecular materials for customized applications. It is noteworthy that Herbstein and coworkers [14] reported in 1987 the use of appropriate inclusion solvents to control the catenation of two-dimensional (2D) HOFs derived from trimesic acid. This approach, however, has never been applied successfully to 3D HOFs.
Herein, we report an example [15] of "interpenetration isomerism" in 3D HOFs. Control over the level of interpenetration was achieved by varying the crystallization conditions of the trigonal prismatic H6PET, affording two 3D HOFs, PETHOF-1 and PETHOF-2, which possess, respectively, acs-2c and acs-5c topologies, yet display ( Figure 1 ) different interpenetration 10.1002/ange.201811263 Accepted Manuscript
behavior. Furthermore, both PETHOF-1 and PETHOF-2 undergo superstructural changes upon activation, giving microporous superstructures which occupy a place attained [6c,7a-b,9c,16] by very few HOFs with BET areas exceeding 1100 m 2 •g −1 .
We became interested [17] in using six-connected trigonal prismatic building blocks to assemble porous supramolecular frameworks with novel 3D topologies. Triptycene was selected as the backbone on account of its rigid D3h symmetry, as well as its ability [18] to induce free volumes in the solid state as a consequence of disrupting close packing. Attaching p-phenylenecarboxyl groups on the periphery of the triptycene backbone creates a trigonal prismatic building block [19] H6PET for the construction of 3D HOFs. Since triptycene and o-terphenyl building blocks are known to suppress face-to-face -stacking interactions, we expect that the hydrogen bonding associated with the carboxyl dimers will be the dominant intermolecular force dictating the framework assembly during crystallization.
H6PET was synthesized (Scheme S1) on a gram-scale using Suzuki-Miyaura coupling of hexabromotriptycene with 4-methoxylcarbonylphenylboronic acid, followed by saponification and acidification. With the desired molecular building block at hand, we explored the use of different crystallization conditions to assemble 3D HOFs. We found that slow evaporation of a THF and PhMe solution of H6PET produced PETHOF-1 as crystalline blocks, while slow vapor diffusion of Et2O into a Me2CO solution gave PETHOF-2 as needle-shaped crystals. Single crystal X-ray diffraction analysis revealed (Figure 1d -e) that PETHOF-1 and PETHOF-2 are "interpenetration isomers" with, respectively, two-and five-fold interpenetrated hexagonal acs topologies. In both solid-state superstructures, H6PET, acts as a trigonal prismatic hexatopic linker, which is connected with six neighbors by hydrogen bonding of the carboxyl dimers, forming ( Figure 1a -c) the acs net. The single acs net is largely empty and so permits the growth of 10.1002/ange.201811263 Accepted Manuscript
secondary nets in the voids, which, in return, stabilize the overall assembly. We surmise that the crystallization solvent plays an important role in templating the assembly process. It would appear that large molecule solvents (THF and PhMe) favor the formation of the less interpenetrated framework. Powder X-ray diffraction (PXRD) of the as-synthesized crystals also confirmed ( Figure S9 ) the phase purity of PETHOF-1 and PETHOF-2 free from the presence of the other "interpenetration isomer". These observations demonstrate that the degree of interpenetration of 3D HOFs can be modulated by the judicious selection of crystallization solvents.
Both PETHOF-1 and PETHOF-2 crystallize in orthorhombic Pccn lattices and exhibit (Table S1 ) similar unit cell parameters. Notably, PETHOF-1 displays a remarkably large guestaccessible volume [20] of about 80%, which, to the best of our knowledge, represents a new benchmark for supramolecular all-organic crystals with solely extrinsic cavities. [4a,4c,21] By contrast, PETHOF-2 adopts an efficiently packed superstructure with only 49% of its cell volume available for solvent inclusion. In both superstructures, the void spaces are occupied by highly disordered solvent guest molecules which could not be refined by crystallography and were removed from consideration during superstructural determinations by applying the SQUEEZE routine. [22] Topological analysis using ToposPro [23] software indicates that PETHOF-1 has class IIa interpenetration in which two nets are related by an inversion symmetry operation. [11, 24] In order to accommodate such interpenetration, each acs net is compressed (Figure 2a ) along the b axis, causing the deformation ( Figure S5a-c) of the hexagonal cavities and the triangular bipyramidal cages. Nevertheless, the hydrogen-bonded carboxyl dimers experience no significant geometrical distortion, displaying ( Figure S6a ) a mean O···O of 2.58 Å, which is typical for strong hydrogen bonds. [25] Additionally, the networks are associated ( Figure S6b 
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The existence of porous networks in PETHOF-1 and PETHOF-2 prompted us to explore their permanent porosity. PETHOF-1 was activated under vacuum at room temperature after solvent exchange with CH2Cl2, giving PETHOF-1a [28] with high crystallinity, as evidenced (Figure 4a ) by the well-resolved peaks in the PXRD. The low angle peaks at 2.82˚ (111) of PETHOF-1, [29] further confirming the large reduction of guest-accessible voids after activation.
It is worthy of note that, activation of PETHOF-1 using supercritical CO2 also gives PETHOF1a with an identical BET area of 1150 m 2 •g −1 .
The framework of PETHOF-2 appears to be much more fragile. Application of vacuum even at −20 ˚C resulted in complete loss of crystallinity, indicating inherent superstructural instability, which can most likely be attributed to the highly strained hydrogen-bonded lattice. Using supercritical CO2 activation at room temperature, [30] a less crystalline solid PETHOF-2a was obtained ( Figure 4c ). In common with PETHOF-1a, PETHOF-2a also displays (Figure 4d ) a type-I isotherm of N2 at 77 K with a BET area of 1140 m 2 •g −1 and an average pore size of 11 Å.
The calculated BET area of PETHOF-2 is 1690 m 2 •g −1 , about 50% larger than the empirical value 10.1002/ange.201811263 Accepted Manuscript
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of PETHOF-2a, suggesting that PETHOF-2 also suffers from loss of void spaces on removal of solvent molecules.
The subtle superstructural differences between PETHOF-1a and PETHOF-2a were revealed (Figure 4b,d ) by the gas sorption studies using CO2. The CO2 isotherm of PETHOF-1a
at 195 K exhibits a steep gas uptake in the low pressure region without hysteresis, which, in agreement with the type-I N2 isotherm, confirms its rigid microporous structure. In comparison, the stepwise adsorption/desorption of the CO2 isotherm at 195 K was observed for PETHOF-2a,
suggesting a somewhat flexible and dynamic framework. [31] Additionally, these materials show ( Figure S13 and Table S2 ) different sorption behavior of CO2 and CH4 at 273 and 298 K, respectively. These observations indicate that the degree of framework interpenetration can influence significantly the gas sorption properties and so is an important factor for designing porous supramolecular materials.
The ability to control and modulate the degree of interpenetration also allows for the electronic properties (band gap and polarizability) to be tuned. Density functional theory (DFT) calculations performed on the optimized geometries of PETHOF-1 and PETHOF-2 showed that the electronic band gap of the porous structure could be lowered from 3.84 to 3.40 eV respectively.
Furthermore, the static dielectric constant of PETHOF-1 is predicted to be 1.30−1.37 across the different crystallographic axes with a corresponding polarizability range of 8,170−6,680 Å 3 . As the level of interpenetration is increased we would expect the polarizability to increase in line with the reduction of the electronic band gap, and the dielectric constant to increase directly with reduced porosity, as recently reported [32] for porous MOFs. Taken together, our results demonstrate that triptycenes, functionalized with peripheral supramolecular synthons, are feasible building 10.1002/ange.201811263 Accepted Manuscript
Angewandte Chemie blocks for the construction of robust porous molecular solids with promising electronic and dielectric properties.
We have reported an example of "interpenetrated isomerism" in 3D hydrogen-bonded organic frameworks. Modulation of the framework interpenetration was realized by exploiting the crystallization conditions of a prismatic building block H6PET, yielding PETHOF-1 with acs-2c topology and PETHOF-2 with acs-5c topology. PETHOF-1 and PETHOF-2 differ in framework interpenetration patterns and cooperative intermolecular forces involved in the stabilization of their crystal superstructures. Both frameworks were found to experience superstructural change upon desolvation, giving microporous materials with high BET areas exceeding 1100 m 2 •g −1 . We believe that our ability to control the superstructures of hydrogen-bonded organic frameworks offers fresh insights which lead to a new design strategy to create diverse and complex supramolecular assemblies using simple organic building blocks. TOC Graphic. An example of "interpenetration isomerism" in three-dimensional (3D) hydrogenbonded organic frameworks is reported. A trigonal prismatic triptycene building block is able to assemble into either a two-fold interpenetrated acs network (acs-2c) or a five-fold interpenetrated acs network (acs-5c) depending upon the crystallization conditions.
